A chamberless, remote plasma deposition process has been used to coat silicon and plastic substrates with glass at ambient conditions. The films were deposited by introducing an organosilane precursor into the afterglow of an atmospheric plasma fed with helium and 2 vol% oxygen. The precursors examined were hexamethyldisilazane, hexamethyldisiloxane, tetramethyldisiloxane, tetramethylcyclotetrasiloxane and tetraethoxysilane. With hexamethyldisilazane, glass films were deposited at rates of up to 0.25 µm min −1 and contained as little as 13.0 mol% hydroxyl groups. These films exhibited low porosity and superior hardness and abrasion resistance. With tetramethyldisiloxane, glass films were deposited at rates up to 0.91 µm min −1 . However, these coatings contained significant amounts of carbon and hydroxyl impurities (∼20 mol% OH), yielding a higher density of voids and poor abrasion resistance. In summary, the properties of glass films produced by remote atmospheric plasma deposition strongly depend on the organosilane precursor selected.
Introduction
The use of plastic in place of glass or metal components is of great interest in consumer electronics. For example, the weight of flat panel displays would decrease substantially upon substituting plastic for glass screens [1] . Plastic housings are widely used in cell phones, PDAs, digital cameras and other handheld devices. In addition, new electronic products are being developed that are based almost completely upon polymeric materials. Two notable examples are flexible displays embedded with organic light emitting diodes and CMOS devices patterned onto plastic substrates [2] [3] [4] [5] . One of the principal drawbacks of these materials is their poor resistance to scratching and abrasion, which reduces the useful life of the product. This problem can be overcome by depositing scratch-resistant films, such as glass (SiO 2 ), onto the plastic surface [6] .
Plasma-enhanced chemical vapour deposition (PECVD) is a promising technique for coating thermally sensitive materials. This technique consists of mixing a volatile precursor with a plasma discharge and directing the reactive mixture onto the substrate surface [7] . High-quality glass has been deposited on plastic at rates ranging up to 6.0 µm min −1 [8] [9] [10] [11] . Nevertheless, these processes were carried out in batch vacuum systems, which are not suitable for continuous in-line processing of large sheets or threedimensional objects.
In this paper, we describe an atmospheric plasma process that operates without a chamber so that there is no limitation on the substrate size or dimensions. The plasma generates O, N, or H atoms at concentrations near 10 16 cm −3 at temperatures between 70˚C and 120˚C [12] [13] [14] [15] [16] [17] . This device has been used to deposit silicon nitride and amorphous hydrogenated silicon on glass and silicon wafers inside a reactor vessel [17, 18] . Herein, we examine the chamberless remote deposition of abrasion-resistant glass coatings on plastic. It has been found that the film growth rate, composition and hardness depend on the choice of the organosilane precursor and its partial pressure in the feed.
Experimental methods
The apparatus used in this study was an Atomflo™ 250D coating tool from Surfx Technologies LLC. A schematic of the set-up is shown in figure 1 . Oxygen, 2.0 vol%, and helium were fed to the capacitive discharge plasma that was driven by 100 W of radio frequency power at 27.12 MHz. The precursor was introduced separately in helium carrier gas to a showerhead attached just downstream of the electrodes. The area of the showerhead was 5.1 cm 2 , and the total flow rate was 30.6 litre min −1 at 25˚C and 1 atm. The substrates were placed 2.75 mm downstream of the showerhead and spun at a rate of 6.0 rpm. In addition, the plasma deposition source oscillated horizontally ±2.25 mm over the rotating sample at a rate of 3.9 mm s −1 . The substrates were not heated other than by the plasma gas.
Five silicon precursors were examined over the course of this study: hexamethyldisilazane (HMDSN), hexamethyldisiloxane (HMDSO), tetramethyldisiloxane (TMDSO), tetramethylcyclotetrasiloxane (TMCTS) and tetraethoxysilane (TEOS). The properties of each precursor are listed in table 1. The vapour pressures of TMCTS, TEOS and HMDSN were taken from product literature [19] [20] [21] , while the vapour pressures of TMDSO and HMDSO at the bubbler temperatures were estimated using the Clausius-Clapeyron equation and published vapour pressures at other temperatures [22] [23] [24] .
The glass films were deposited on silicon substrates and then analysed for film thickness, composition and structure. The substrates were n-type Si (1 0 0) squares, 3.8 × 3.8 cm [25] . Absorbance spectra were obtained by taking the ratio of scans recorded before and after film deposition. Finally, the film morphology was analysed with a threedimensional optical surface profiler (Nano-Or 3DScope 2000 SEMI).
Preliminary scratch tests were performed on films deposited on silicon wafers.
Samples were scratched with the corner of a 3/8 inch blade screwdriver held ∼45f rom the surface normal. The blade corner was pressed firmly onto the film and dragged along the surface. The resulting scratch was rated as either shallow or deep. 'Shallow' scratches were barely visible to the eye and were less than 13 nm in depth, as measured by the step profiler. 'Deep' scratches were easily seen with the eye and penetrated at least 200 nm into the film. It should be noted that these tests provided only a qualitative comparison of the deposition results. Further quantitative mechanical tests were performed on films deposited on 2.5 × 2.5 cm 2 pieces of LEXAN ® EXL1414 thermoplastic [26] . The hardness was determined using the pencil test [27, 28] , while the abrasion resistance was characterized by rubbing the samples with steel wool and counting the number of scratches seen with an optical microscope.
Results

Deposition rate trends
In figure 2 , the deposition rates observed for each of the five precursors are plotted as a function of their partial pressure in the feed. The inlet pressures were varied by changing the helium flow rate through the bubbler, while holding the bath temperature constant at the values listed in table 1. The maximum flow rates through the bubblers were 50 sccm for TMDSO, 120 sccm for HMDSN and HMDSO and 1000 sccm for TMCTS and TEOS. It is assumed that at these flow rates the vapour achieved saturation in the helium carrier gas. The results presented in figure 2 indicate that the deposition rate strongly depends on the specific precursor fed to the process. The growth rates observed with TMCTS, TEOS, HMDSN and HMDSO increase from about 0.015 to 0.2 µm min −1 with increasing precursor partial pressure. In the case of TMCTS, TEOS and HMDSN, the rates are approximately proportional to the amount of precursor fed. However, for HMDSO the rate gradually levels off at higher partial pressures. In contrast to these results, the growth rate obtained with TMDSO varies from 0.2 to 1.0 µm min −1 as the partial pressure increases from 10 to 100 mTorr. Above 100 mTorr, the deposition rate decreases with the TMDSO partial pressure.
Over the range of deposition rates shown in figure 2 there is no noticeable degradation in the material properties. With TMCTS and HMDSN, rates higher than 0.18 and 0.24 µm min −1 yield films with a white, chalky appearance. For TEOS, the films crack shortly after deposition at rates above 0.2 µm min −1 . Coatings deposited using TMDSO at a partial pressure above 140 mTorr exhibit a tacky texture and are easily removed with scotch tape.
The incorporation efficiency of the precursors into the glass films varies widely, as evidenced by the broad range of partial pressures examined for this process. This efficiency, which may be defined as the ratio of the moles of silicon in the film to the moles of precursor fed to the afterglow, is highest for TMCTS and TEOS, and lowest for HMDSO. In the case of TMCTS, this value increases from 7.2% to 9.6% as the growth rate rises from 0.02 to 0.18 µm min −1 . However, for TEOS, this trend reverses and the efficiency falls from 9.4% to 6.3% as the rate increases from 0.016 to 0.15 µm min −1 . With HMDSO, the incorporation efficiency ranges from 1.5% to 0.05% at growth rates between 0.014 and 0.13 µm min −1 . For HMDSN and TMDSO, the average incorporation efficiencies are 2.8% and 6.6%, respectively.
Film composition and structure
The refractive index measured for the SiO 2 films does not show a strong dependence on the precursor type and partial pressure. A value of 1.47 ± 0.03 is observed for TMCTS, TEOS, HMDSO and HMDSN. This refractive index is consistent with that reported for SiO 2 films deposited in low-pressure PECVD processes [13, 29, 30] . On the other hand, films produced from TMDSO at rates exceeding 0.7 µm min
exhibit a refractive index of 1.41 ± 0.02. Other studies of SiO 2 PECVD have recorded a similar drop in the refractive index, and have ascribed it to silicon-carbon bonds and voids in the films [31, 32] . Infrared absorbance spectra of films deposited with HMDSN at rates of 0.023 and 0.24 µm min −1 are presented in figure 3 . The specific absorbance was obtained by dividing − log(I /I 0 ) by the film thickness. The peaks at 1075, 800 and 450 cm −1 are due to the asymmetric stretching, bending and rocking modes of siloxane bridges [13, 25, 33, 34] . The broad shoulder at ∼1150 cm −1 is also due to the stretching modes of the siloxane bridges [13, 34] . As is common with SiO 2 films grown at reduced temperature, the IR spectra also contain features attributed to hydroxyl groups. The peak at 930 cm −1 is due to O-H deformations, while the broad band and shoulder at 3400 and 3650 cm −1 are due to O-H stretching vibrations of hydrogen-bonded and isolated hydroxyl groups [13, 25] . Examination of the spectra in the figure reveals that no C-O, Si-H or C-H stretching modes at 1750, 2250 or 2900 cm −1 are detected at either deposition rate [13, [35] [36] [37] .
Subtle differences are evident in the IR spectra of the glass films grown with HMDSN at the low and high deposition rates. The total area of the hydroxyl band between 2600 and 3600 cm −1 is 20% larger for the film deposited at 0.24 µm min −1 . Furthermore, the centre of this band is shifted 60 cm −1 to lower wavenumbers, presumably owing to increased contributions from hydrogen-bonded OH groups. The frequency of the Si-O-Si stretching vibration is 1070 cm −1 at 0.023 µm min −1 compared with 1082 cm −1 at 0.24 µm min −1 . Furthermore, the area of this peak is 26% smaller, while the high-frequency shoulder is 240% larger, for the higher growth rate compared with the lower one. These changes in the Si-O stretching modes are an indication of a slightly increased porosity in the SiO 2 film [13, 38] .
Infrared spectra of films deposited with TCMTS, TEOS and HMDSO at their respective maximum deposition rates of approximately 0.15 µm min 3400, 1150, 1075, 800 and 450 cm −1 , which are characteristic of PECVD silicon dioxide. On the other hand, with TMDSO and HMDSO, a C-H bending mode is observed at 1275 cm −1 , which is due to the presence of methyl groups attached to silicon [37, [39] [40] . Also, the C-H stretching modes at ∼2900 cm −1 is observed in figure 4 (b). These features are not present in films grown at rates at or below 0.10 µm min −1 with HMDSO. The IR spectra of films deposited at the maximum growth rate with TMDSO show a distribution of bands that are significantly different from those shown by the spectra of the other films. In particular, the siloxane peaks at 1075, 800 and 450 cm −1 are greatly reduced in intensity, while the shoulder at 1150 cm −1 is broader and more intense. Small peaks are discernible at 840 and 780 cm −1 as well. These changes are attributed to increased porosity and methyl-silicon bonding in the films [11, [37] [38] [39] [40] .
Hydroxyl impurities are present in all the films deposited with the organosilane precursors. Since these groups weaken the glass-like structure of the coatings, they represent an important basis for comparison. It should be noted that the hydroxyl groups could either be incorporated into the films during growth or be the result of moisture uptake from the air after the samples were deposited. As will be shown below, the hydroxyl content correlates with the porosity of the films. Shown in figure 5 the hydroxyl stretching bands between 2700 and 3775 cm −1 . One sees a general trend of increasing hydroxyl content with deposition rate. For films deposited with TMDSO, the OH peak areas range from 0.055 to 0.063. For films deposited with TEOS, the OH peak area ranges from 0.03 at 0.016 µm min −1 to 0.07 at 0.15 µm min −1 . In contrast, films grown using HMDSN had slightly lower hydroxyl content, i.e. peak areas of 0.035 to 0.045 and showed a much weaker dependence on deposition rate. Using the method detailed by Chapple-Sokol et al [41] , the hydrogen concentrations are estimated to range between 11.0 and 23.0 at% for TEOS and 13.0 and 16.0 at% for HMDSN. For a constant deposition rate of 0.15 µm min −1 , the OH peak area decreases with the precursor type in the following order: TEOS > TMCTS > TMDSO > HMDSO > HMDSN.
The ratio of the shoulder area of the Si-O stretching mode at ∼1150 cm −1 to the primary peak area at ∼1075 cm −1 has been correlated with the degree of porosity of silicon dioxide films [38] . The trends associated with this ratio are illustrated in figure 6 . In the graph, the y-axis values were calculated by deconvoluting the Si-O stretching region into two peaks 50 µm located at 1075 ± 5 and 1150 ± 10 cm −1 . Inspection of the graph reveals that there is an increase in porosity with growth rate, and that films deposited using TMDSO have higher degrees of porosity than those obtained with the other precursors. Of these, HMDSN produces the least porous material when compared with TEOS, HMDSO and TMCTS at equal deposition rates.
Further evidence of the differences in the porosity of the films can be seen in images recorded with the optical profiler. A three-dimensional surface image of a film, grown 650 nm thick at 0.21 µm min −1 with TMDSO, is presented in figure 7 . The image shows a number of pits that are approximately 1.0 µm in diameter and 40-130 nm deep. The number density of these pits is approximately 0.038 µm −2 . This is in contrast to the surface profile of a film of equal thickness, but deposited with HMDSN at a rate of 0.24 µm min coating is shown in figure 8 . It is significantly less porous. The number density of pits is 0.014 µm −2 and their maximum depth is only 35 nm.
Mechanical performance
The scratch tests performed on silicon wafers indicate that the mechanical properties of the films deposited with HMDSN do not depend strongly on growth rate. Shallow scratch depths are measured over the entire range of rates from 0.023 to 0.24 µm min −1 . For HMDSO, TMCTS and TEOS, films deposited at rates below 0.1 µm min −1 display good scratch resistance, with the screwdriver tip penetrating less than 13 nm into the films. Beyond 0.1 µm min −1 , the hardness drops and deep scratch penetration is observed. For TMDSO, deep scratches are recorded over the whole range of deposition rates, between 0.21 and 0.91 µm min −1 . Further hardness testing was conducted on plastic substrates using HMDSN and TMDSO. Two deposition rates were investigated for each precursor: 0.075 and 0.24 µm min −1 for HMDSN, and 0.21 and 0.91 µm min −1 for TMDSO. In addition, coatings varying in thickness from 0.5 to 1.5 µm were examined. The results of the pencil hardness tests are presented in table 2. With HMDSN at 0.075 µm min −1 , the hardness does not show a dependence on thickness, as both films have a rating of 4H. However, there is a dependence on film thickness at 0.24 µm min −1 . In this case, the hardness rating of the 0.5 µm-thick film is HB, while that of the 1.5 µm-thick film is 4H. With TMDSO, the hardness at 0.21 µm min −1 also increases with film thickness. However, the material is softer and the 1.5 µm-thick film achieves only a 3H rating. At the maximum TMDSO deposition rate, the films exhibit a constant pencil hardness of HB, independent of the thickness.
Shown in figures 9 and 10 are the linear scratch densities caused by steel wool abrasion of films grown with HMDSN and TMDSO, respectively. In the former case, the number of scratches decreases as the film thickness increases, independent of growth rate. The 1.5 µm-thick film exhibits only 2 scratches per millimetre. On the other hand, films deposited with TMDSO show an effect of growth rate on abrasion resistance. At 0.91 µm min −1 , the scratch density equals 11 mm −1 for all films between 0.5 and 1.5 µm thick. In contrast, at 0.21 µm min −1 , the number of scratches declines with thickness to about 4 mm −1 at 1.5 µm. Comparison of these data with the results presented in figures 4-6 suggests that the poor abrasion resistance of the glass deposited at 0.91 µm min −1 is most likely to be due to the incorporation of methyl groups into the film.
Discussion
The results described above demonstrate that a chamberless, remote plasma deposition process may be used to generate abrasion-resistant glass coatings on plastic. The properties of these coatings depend on the type and the amount of organosilane precursor fed to the process. The range of deposition rates achieved with different precursors spans two orders of magnitude.
High quality films without visible defects, such as cracking or chalkiness, can be obtained with TEOS, TMCTS and HMDSO at rates ranging from 0.02 to 0.15 ± 0.02 µm min −1 , and with HMDSN at rates of up to 0.24 µm min −1 . Glass may be deposited with TMDSO at a significantly higher rate of 0.91 µm min −1 . However, the material exhibits poor abrasion resistance.
It is difficult to compare the deposition rates observed in this study with those reported in the literature due to wide variations in plasma source design and operation. In the recent literature, the following maximum rates have been reported: 1.0 µm min −1 using HMDSO and TMCTS [42] [7, 40, 42] . Since the precursor molecules are fed directly into the discharge they are subject to dissociation by both neutral chemistry and electron impact [7] . In the studies utilizing TEOS and TMDSO, the precursors were fed directly into a low-pressure capacitive discharge and were exposed to the same dissociation pathways as in the ECR plasma [31] . However, only neutral chemistry occurs in the atmospheric plasma deposition process. This would explain why the low-pressure plasma processes generally yield higher deposition rates than those observed here.
The results obtained in this study clearly show that the impurity concentration in the glass films depends on the organosilane precursor used and the deposition rate. The IR spectra presented in figures 3 and 4 reveal significant quantities of unreacted methyl groups in material grown with TMDSO and HMDSO. For the former precursor, the number of CH 3 species rises dramatically when the growth rate is increased from 0.21 to 0.91 µm min −1 . The hydroxyl content of the films in general increases with the deposition rate, as illustrated in figure 5 . Nevertheless, at a rate of near by 0.2 µm min −1 , the glass film produced with HMDSN contains significantly less OH than the films grown using the other precursors. The trends in film porosity, as indicated by the ratio of the IR band at 1150 cm −1 to that at 1075 cm −1 ( figure 6 ), mirror that of the hydroxyl content. Porosity increases with deposition rate, while at a fixed rate near 0.2 µm min −1 , the films made with HMDSN are less porous than those made with other precursors. This can be seen also in the optical images of the films grown with TMDSO and HMDSN in figures7 and 8, respectively.
The impurity concentration in the glass coatings has a strong impact on their mechanical properties. Films generated with TMDSO at a rate of 0.91 µm min −1 , and containing significant quantities of unreacted methyl groups, exhibit an HB value in pencil hardness as well as high scratch densities after steel wool abrasion. The effect of hydroxyl impurities may be illustrated by comparing 1.5 µm-thick films grown at ∼0.2 µm min −1 using HMDSN and TMDSO. The former precursor generates less OH in the film, resulting in 4H hardness and a scratch density of 2 mm −1 . In contrast, the film grown with TMDSO exhibits a 3H pencil hardness and a scratch density of 4.5 mm −1 . Previous work on plasmaassisted deposition of glass films using organosilane precursors has observed a strong effect of impurities on abrasion resistance [10, 11, 42] . In these studies, it was concluded that impurities disrupt the Si-O-Si bonding network, leading to more porous films that are softer and more easily scratched.
As one would expect, the mechanical properties of the glass films improve with the thickness of the layers. For example, comparing films grown with HMDSN at 0.24 µm min −1 , the pencil hardness is HB and the scratch density is 10 mm −1 for the 0.5 µm-thick coating, whereas they are 4H and 2 mm −1 for the 1.5 µm-thick coating. These same trends have been observed previously [6, 10] . Evidently, a minimum coating thickness is needed for the material to assume the mechanical properties of the glass and not the underlying plastic substrate.
Conclusions
An atmospheric plasma source has been used to deposit glasslike coatings on plastic without the use of a chamber. The organosilane precursor utilized in the process has a large impact on the film growth rate, composition and physical structure. We have found that coatings closely resembling SiO 2 , with minimal OH and CH x impurities, provide superior hardness and abrasion resistance. The silazane precursor, HMDSN, shows promise for producing this material at a reasonable deposition rate.
